ful. The vascular relationships of the occipital lobe, course of the optic radiations, and microsurgical and endoscopic anatomy of the occipital transtentorial approach were examined.
Methods

Cadaveric Dissections
The arteries and veins of 5 formalin-perfused cadaveric adult heads were injected with red and blue colored silicone and examined under an operating microscope at magnifications ranging from ×3 to ×40 and with 0° and 45° endoscopes. Bone dissection was done using a highspeed drill. The dissections followed the steps of the surgical procedures. Seven brains were formalin perfused and fixed in alcohol for fiber dissection.
6,13
Magnetic Resonance Imaging Tractography
Diffusion data were provided by the Human Connectome Project (http://www.humanconnectome.org). The data were acquired on a modified 3-T Skyra system (Siemens AG) utilizing a spin-echo, echo-planar imaging sequence with multiband image acceleration. 8, 12, 24, 37, 45 The specific sequence parameters used were TR 5520 msec, TE 89.5 msec, FOV 210 × 180, matrix 168 × 144, slice thickness 1.25 mm (voxel size 1.25 × 1.25 × 1.25 mm), multiband factor 3, and b-values 1000 sec/mm 2 (95 directions), 2000 sec/mm 2 (96 directions), and 3000 sec/ mm 2 (97 directions). Preprocessing of the raw diffusion data included correction of eddy current distortions, motion correction, b0 intensity normalization, susceptibility distortion correction, and gradient-nonlinearity corrections. 1, 2, 12, 16 A T1-weighted 3D magnetization-prepared rapid gradient echo (MP-RAGE) scan was registered to the diffusion data for anatomical detail. All preprocessing steps were performed with FreeSurfer (http://surfer.nmr. mgh.harvard.edu) and FSL (http://fsl.fmrib.ox.ac.uk). 10, 17 The preprocessed diffusion data were analyzed with DSI Studio (http://dsi-studio.labsolver.org). We estimated a voxel-wise diffusion orientation distribution function employing a generalized q-sampling imaging algorithm. 48 Streamline fiber tracking was performed by seeding regions of interest based on findings from dissection data in this study.
Results
Surface Anatomy and Vascular Relationships of the Occipital Lobe
Lateral Surface
There are no clearly defined sulci that separate the occipital lobe from the temporal and parietal lobes on the lateral surface (Fig. 1A) ; however, an imaginary line extending from the upper end of the parietooccipital sulcus to the preoccipital notch can be envisioned as a boundary between them. 11 The lateral surface of the occipital lobe is covered by a number of irregular sulci and gyri with considerable variability. 32 The lateral occipital sulcus, the most consistent sulcus, is short and horizontal and separates the superior and inferior occipital gyri. The lateral surface of the occipital lobe is usually supplied by the branches of the middle cerebral artery (MCA) and poste- rior cerebral artery (PCA). 34 The temporooccipital artery, arising from the MCA, supplies the inferior parts of the occipital gyri (Fig. 1B) . 34 The posterior temporal artery, also arising from the MCA, supplies the posterior extreme of the inferior temporal gyri and may supply the lateral surface of the occipital lobe. 34 Branches from the parietooccipital and calcarine arteries pass around the superior border of the hemisphere to reach the lateral surface (Fig.  2B) . Branches from the posterior temporal arteries, arising from the PCA, pass around the lateral margin of the inferior surface to reach the lateral surface (Fig. 1F) . 34 The lateral surface of the anterior part of the occipital lobe is drained by the posterior parietal vein, which also drains the posterior part of the parietal lobe, and the posterior temporal vein, which also drains the posterior part of the temporal lobe (Fig. 1B) . The occipital vein, which drains the lateral surface of the occipital lobe, is usually directed forward rather than medial or backward so that no large veins enter the superior sagittal and transverse sinuses around the torcular herophili ( Fig. 2A) . 31 
Medial Surface
The medial surface of the occipital lobe is separated from the parietal lobe by the parietooccipital sulcus (Fig.  1C) . The parietooccipital sulcus is directed anteroinferiorly from the superior border between the cuneus and precuneus to join the anterior part of the calcarine sulcus. The parietooccipital sulcus courses approximately parallel to the line on the convexity that connects the preoccipital notch and the upper end of the parietooccipital sulcus. 32 The calcarine sulcus extends forward from just above the occipital pole toward the splenium to join the parietooccipital sulcus and divides this surface into the cuneus above and the lingula below. The cuneus is demarcated anteriorly by the parietooccipital sulcus, posteriorly by the calcarine sulcus, and above by the superior border of the hemisphere. The lingula is demarcated superiorly by the calcarine sulcus and inferiorly by the lower border of the medial surface. Anteriorly, the lingula blends into the posterior part of the parahippocampal gyrus. The part of the calcarine sulcus anterior to its junction with the parietooccipital sulcus has the striate cortex on its lower lips, and the part posterior to the junction has it on both lips. 32 The striate cortex, which is also known as the visual cortex, is where the optic radiations terminate (Figs. 1C and 3C-D). 44 The parietooccipital and calcarine arteries, terminal branches of the PCA, supply the medial surface of the occipital lobe. The parietooccipital artery usually arises from the PCA in the ambient or quadrigeminal cistern and courses in the parietooccipital fissure to supply the posterior parasagittal region, cuneus, and precuneus (Fig. 1D ). 34 The calcarine artery usually arises from the PCA in the ambient or quadrigeminal cistern, but occasionally arises as a branch of the parietooccipital artery and courses in the calcarine fissure to supply the inferior cuneus, lingual gyrus, and occipital pole. 34 The calcarine artery sends branches to the lingual gyrus and inferior cuneus (Figs. 1D and 2B). The medial surface of the occipital lobe is drained by the anterior and posterior calcarine veins (Figs. 1D and 2B-C). The anterior calcarine vein, also known as the internal occipital vein, drains the anterior part of the cuneus and lingula and empties into the vein of Galen. The posterior calcarine vein drains the posterior part of the calcarine fissure and commonly empties into the veins on the lateral surface, which usually course forward to empty into the superior sagittal sinus (Figs. 1D and 2B). 31 
Inferior Surface
The inferior surface, from medial to lateral, is formed by the lower part of the lingula and the posterior parts of the occipitotemporal and inferior temporal gyri (Fig. 1E ). The collateral sulcus, which extends anteriorly parallel and lateral to the calcarine sulcus from near the occipital pole, separates the lingula and occipitotemporal gyrus. The occipitotemporal sulcus, which courses parallel and lateral to the collateral sulcus, separates the occipitotemporal and inferior temporal gyri.
The posterior temporal artery, which commonly arises from the PCA in the ambient cistern, supplies the inferior temporal and occipital surfaces including the occipital pole and lingula (Fig. 1F) . 34 The inferior surface of the occipital lobe is drained by the occipitobasal vein, which arises from tributaries draining the inferolateral part of the lingula and adjacent parts of the occipitotemporal and
FIG. 1. C:
Medial surface of the brain. The parietooccipital sulcus separates the occipital lobe from the parietal lobe. The calcarine sulcus divides this surface into the cuneus above and the lingula below. The cuneus is demarcated anteriorly by the parietooccipital sulcus, posteriorly and superiorly by the calcarine sulcus, and inferiorly by the lower border of the medial surface. Anteriorly, the lingula blends into the posterior part of the parahippocampal gyrus. D: Medial surface of an injected brain. The straight sinus has been removed. The parietooccipital artery supplies the posterior parasagittal region, cuneus, and precuneus. The calcarine artery supplies the inferior cuneus, lingual gyrus, and occipital pole. The calcarine artery sends branches to the lingual gyrus and inferior cuneus. The anterior calcarine vein, also known as the internal occipital vein, drains the anterior part of the cuneus and lingula and empties into the vein of Galen. The posterior calcarine vein drains the posterior part of the calcarine fissure and commonly empties into the veins on the lateral surface. E: Inferior surface of the brain. There are no clearly defined sulci that separate the occipital lobe from the temporal lobe on the inferior surface. The inferior surface contains the lingula and the occipitotemporal and inferior temporal gyri. The collateral sulcus separates the lingula from the occipitotemporal gyrus. The occipitotemporal sulcus separates the occipitotemporal and inferior temporal gyri. inferior temporal gyri, and usually courses anterolaterally to join the posterior temporobasal vein. 31 Occasionally, the veins draining the inferior surface of the temporal and occipital lobes empty into the medial part of the tentorial sinus near the transverse sinus. 22 
Optic Radiations
The optic radiation fibers, formed by axons from the neurons of the lateral geniculate body and pulvinar and terminating in the primary visual cortex, are found on the lower lip of the calcarine sulcus anterior to the junction with the parietooccipital sulcus, the upper and lower lips of the calcarine sulcus posterior to the junction with the parietooccipital sulcus, and in part of the occipital pole (Fig. 3) . 44 The pulvinar is the prominent posterior part of the thalamus, and the lateral geniculate body is located anterolateral to it (Fig. 3C and G) . 32 After leaving the lateral geniculate body and pulvinar, the optic radiations pass inferior and posterior to the lenticular nucleus to form the sublenticular and retrolenticular parts of the internal cap- sule, respectively (Fig. 3A) . The fibers pass above the stria terminalis and tail of the caudate nucleus, cover the roof of the temporal horn and lateral wall of the atrium and occipital horn of the lateral ventricle, and reach the calcarine cortex (Fig. 3A, C, E, and G) . The inferior frontooccipital fasciculus and sagittal stratum cover, and the tapetal fibers lie deep to, the optic radiation fibers (Fig. 3A, C , and E).
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The optic fibers consist of anterior, central, and posterior parts, defined by the direction the fibers projecting from their origin. 28, 46 It is difficult to clearly differentiate these three parts with the fiber dissection technique (Fig. 3A,  C , E, and G), whereas MR tractography can show each part from origin to termination (Figs. 3B, D, F , and H and 4). The anterior band of optic radiations courses in an anterolateral direction after its origin, usually reaching anteriorly as far as the tip of the temporal horn, then the fibers turn backward and form a loop (Meyer's loop; Fig.  3B, F, and H) . This part covers the roof and lateral wall of the temporal horn and inferior surface of the atrium of the lateral ventricle, terminating at the lower lip of the calcarine sulcus (Figs. 3B, D, F, and H and 4) . The central part of the optic radiations initially projects laterally from the lateral geniculate body and pulvinar, and then turns backward (Fig. 3B, D, F, and H) . This central part covers the roof of the temporal horn and lateral wall of the atrium and occipital horn, reaching the occipital pole (Figs. 3B, D, F, and H and 4) . 28 The posterior part of the optic radiations courses directly backward after arising from the lateral geniculate body and pulvinar, and courses along the lateral wall of the atrium and occipital horn to reach the upper lip of the calcarine sulcus. 28 The anterior, central, and posterior parts of the optic radiations course along the lateral wall of the lateral ventricle, atrium, and occipital horn in this order from inferior to superior (Fig.  4C and D) .
Microsurgical Anatomy of the Occipital Transtentorial Approach
The occipital transtentorial approach provides access to and is commonly used for lesions of the ipsilateral splenium above the vein of Galen, pineal gland, superior and inferior colliculi, and superior surface of the cerebellum (Fig. 2) . 5, 18, 19, 23, 38, 42 After occipitoparietal craniotomy and dural opening, the occipital lobe is retracted away from the falx and tentorium without sacrificing bridging veins. Fortunately, there are commonly no bridging veins from the occipital lobe entering the posterior part of the superior sagittal or transverse sinuses ( Fig. 2A) . 31, 33 This provides access to the ipsilateral splenium above the vein of Galen and to part of the quadrigeminal cistern (Fig. 2B) . Lateral reflection or wedge-shaped resection of the tentorium increases the exposure. Dissecting the arachnoid over the quadrigeminal cistern exposes the pineal gland, superior and inferior colliculi, trochlear nerve, and vein of Galen and its tributaries, including the internal occipital, internal cerebral, basal, and superior vermian veins, and the vein of the cerebellomesencephalic fissure (Fig. 2C) . Although a steep superior cerebellar surface may limit microsurgical access to the cerebellomesencephalic fissure, an angled endoscope may overcome this obstruction and aid in the exposure of the superior cerebellar peduncle and superior medullary velum (Fig. 2D ).
Discussion
The advantage of the occipital transtentorial approach is that it provides vertically wide operative views of ipsilateral midline neurovascular structures from the splenium to the cerebellomesencephalic fissure and of the anterior part of the tentorial surface of the cerebellum (Figs. 3 and  4) . 5, 18, 23, 38 The deficit unique to this approach is a postoperative homonymous hemianopia that is usually transient but occasionally permanent (Table 1 ). The frequency of the postoperative visual field defect varies in different studies. Shirane et al. 38 and Ausman et al. 4 reported no postoperative visual field defect after the occipital transtentorial approach, whereas Nazzaro et al. 26 reported that all patients had this visual field defect after such an approach. This discrepancy may be attributable to transient visual field defects with recovery common within a couple of months and, occasionally, in less than 10 days. 7, 25, 26, 50 Although the occipital transtentorial approach has traditionally been performed with the patient in the sitting position, the approach can also be performed with the patient in the prone, Concorde, lateral, or three-quarter prone position (Table 1) . Placing the patient in a lateral or threequarter prone position with the operative hemisphere tilted downward seems to be safer for the occipital lobe because these positions require less retraction than the sitting, Concorde, and prone positions. In fact, the incidence of postoperative visual field defect is significantly lower in the lateral position than in the prone position, though it does still occur. 7, 25, 50 Regardless of the position used, the retractors should always be carefully placed in the area of the occipital lobe.
Though the course of the optic radiations has been addressed in many fiber dissection studies, 20, 28, 35, 36 none has focused on the optic radiations on the medial side of the occipital lobe, which are usually retracted for the occipital transtentorial approach. 42 In the present study, we showed the location of the optic radiations in relation to the superior, inferior, lateral, and medial surfaces by using both fiber dissection and MR tractography techniques. The optic radiations terminate in the primary visual cortex, which is mainly located in the upper and lower lips of the calcarine sulcus and partially in the occipital pole, as shown in fiber dissection and MR tractography (Figs. 3 and 4) . 44 The optic radiations are formed by approximately 5 million axons that course in multiple directions, especially near their termination, to reach the visual cortex. 36 This can prevent either MRI or fiber dissection from being a precise histological technique, especially near the termination of the fibers. The fiber dissection technique is limited because of the complex relationships of the fiber tracts such that exposing one fiber tract often destroys another. 43 These disadvantages can be overcome by using MR tractography, allowing the visualization of fibers from any direction and helping form a 3D understanding of fiber tract anatomy. Traditional methods of MR tractography, namely diffusion tensor imaging (DTI), suffer from serious limitations, particularly related to identification of fiber crossing and multiple fiber orientations within a single voxel.
9 Newer techniques such as diffusion spectrum imaging (DSI) or generalized q-sampling imaging (GQI) offer superior fiber tracking results by generating an orientation distribution function (ODF) analyzing multiple potential fiber directions. 48 However, the available selection of tracking parameters still has the potential to introduce "false fiber" tracking. 48 Combining the fiber dissection technique with more sophisticated measures of diffusion MR tractography, as in the present study, compensates for the potential disadvantages of each technique.
Brain retraction can cause hemorrhage and contusion not only in the cortex, but also extending into the white matter underneath the retractor. 49 For the occipital transtentorial approach, either the inferior or the medial surface of the occipital lobe or the occipital pole can be retracted (Table 1) . Considering the termination locations of the optic radiations, retracting the medial surface of the occipital lobe or the occipital pole could cause postoperative visual field defect. 36, 44 The central part of the visual field, including the foveal part, is located in the striate cortex at the occipital pole, whereas the peripheral visual field is located in the anterior part of the calcarine cortex. 36, 44 Retracting the occipital pole can cause central visual field defect, resulting in reading difficulties. 27 This can decrease visionrelated quality of life; therefore, retracting the occipital pole should be avoided if possible. 27 Retracting the inferior surface of the occipital lobe away from the falx and tentorium is likely to be less harmful to the optic radiations and calcarine cortex. 5, 47 Brain retraction can cause brain injury directly or as a result of decreased cerebral perfusion. 3 Given that most postoperative visual field defects are temporary, perfusion deficiency of the occipital lobe may play an important role in the pathophysiology of the complication. 50 When retracting the occipital lobe, it is necessary to understand the vascular relationships of the occipital lobe. Shulman 39 found that the mean small arterial and venous pressures in the subarachnoid space were 63 and 19 mm Hg, respectively. The average initial retraction pressure of the experienced neurosurgeon was 26.6 mm Hg (range 8-56 mm Hg), and the pressure decreased to approximately 30% of the initial pressure 30 minutes later. 15 It has been noted that veins seem to be more susceptible to damage from retraction than the arteries. 15, 39 Venous collapse causes a disruption of venous drainage, which can result in temporary venous congestion and brain dysfunction. The internal occipital and posterior calcarine veins, which drain the calcarine cortex, course along the medial surface of the occipital lobe, indicating that retracting the medial surface may also cause postoperative visual field defect due to venous congestion in the medial surface of the occipital lobe.
Damaging the extrastriate visual cortex surrounding the calcarine cortex may also cause visual field defect.
40
Gentle retraction is important even when retracting the inferior surface of the occipital lobe. 40 The occipitobasal vein draining the inferior surface of the occipital lobe usually joins the posterior temporobasal vein and drains into the lateral tentorial sinus near the transverse-sigmoid sinus junction so that the lateral part of the occipital lobe is anchored at this point. 5, 31 When retracting the inferior surface of the occipital lobe away from the falx and tentorium, care should be taken to avoid damaging these veins. Moreover, the use of multiple retractors, evacuation of the cerebrospinal fluid, and head elevation are helpful techniques for decreasing the intraoperative cerebral damage caused by brain retraction. 15 Intermittent brain retraction is also helpful to avoid brain damage. 49 
Conclusions
The occipital transtentorial approach is used to access the splenium, pineal gland, collicular plate, cerebellomesencephalic fissure, and the anterosuperior part of the cerebellum. An angled endoscope aids in exposing the cerebellomesencephalic fissure, superior medullary velum, and superior cerebellar peduncle. Anatomical findings suggest that retracting the inferior surface of the occipital lobe away from the falx and tentorium may be the safest way to avoid direct damage and perfusion insufficiency around the calcarine cortex and optic radiations near their termination. Though further clinical studies are needed, selecting a patient position that requires less brain retraction combined with careful retraction of the inferior surface of the occipital lobe, if needed, can reduce the incidence of postoperative visual field defect after the occipital transtentorial approach.
